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Human erythrocytesHere, the sizes of the pores created by square-wave electric pulses with the duration of 100 μs and 2 ms are
compared for pulses with the amplitudes close to the threshold of electroporation. Experiments were carried
out with three types of cells: mouse hepatoma MH-22A cells, Chinese hamster ovary (CHO) cells, and human
erythrocytes. In the case of a short pulse (square-wave with the duration of 100 μs or exponential with the
time constant of 22 μs), in the large portion (30–60%) of electroporated (permeable to potassium ions)
cells, an electric pulse created only the pores, which were smaller than the molecule of bleomycin (molecular
mass of 1450 Da, r≈0.8 nm) or sucrose (molecular mass of 342.3 Da, radius—0.44–0.52 nm). In the case of a
long 2‐ms duration pulse, in almost all cells, which were electroporated, there were the pores larger than the
molecules of bleomycin and/or sucrose. Kinetics of pore resealing depended on the pulse duration and was
faster after the shorter pulse. After a short 100-μs duration pulse, the disappearance of the pores permeable
to bleomycin was completed after 6–7 min at 24–26 °C, while after a long 2-ms duration pulse, this process
was slower and lasted 15–20 min. Thus, it can be concluded that a short 100-μs duration pulse created small-
er pores than the longer 2-ms duration pulse. This could be attributed to the time inadequacy for pores to
grow and expand during the pulse, in the case of short pulses.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Electroporation –modiﬁcation of the cell membrane permeability
by creating nanometer-sized pores by strong electric ﬁeld – has nu-
merous applications in biology, biotechnology, and medicine [1,2], in-
cluding nanomedicine approaches [3–5]. The information on the size
and number of the pores created by pulses of strong electric ﬁeld is
important. First, to test theoretical considerations, it is important to
have the information on the pore population: the minimal and max-
imal sizes of electrically induced pores and how many of them are
created under certain electroporation conditions. The answers to
these questions are of interest from the practical standpoint as well.
For many applications of cell electroporation, e.g., targeted delivery
of drugs [6], genes [7], or nanoparticles [3,8–10] into cells and tissues,
it is desirable to know in advance the pores of what size will be creat-
ed in the cell membrane as it would allow estimating the upper size
limit of the molecules that can be introduced into the cells (or could
leave the cells). In addition, it would be useful to know whether the
size and/or number of pores can be adjusted by varying thesent.
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l rights reserved.parameters of an electric treatment (pulse duration, amplitude,
shape, number of pulses, etc.).
There are numerous studies inwhich the size of the pores created in
the cell membrane by pulses of strong electric ﬁeld has been estimated,
both theoretically [11–14] and experimentally [15,15–22]. According to
theoretical modeling, the pulses of nanosecond-duration should create
smaller pores than the pulses of micro-millisecond duration [11]. At the
same time, the number of pores created by nanosecond-duration pulses
should be by 2–3 orders of magnitude larger than in the case of longer
pulses [11]. Theoretical analysis also shows that during the electric
pulse, the number of large pores decreases with time; however the dis-
tribution of their radii moves toward larger values. For example, the
average radius of the large pores was about two times larger at 1 ms
than at 100 μs (about 20 and 10 nm respectively) [12,23].
In the majority of experimental studies the size of the pores is
estimated for the pulses of a single duration [15,21] or a few differ-
ent durations but in the same duration range—microseconds [24]
or milliseconds [20]. There are also studies in which the relation-
ships between various parameters, such as the amplitude, duration
and/or number of pulses, of the electric treatment required for
electropermeabilization—increase of the membrane permeability
to the particular tracer molecules (or ions), are determined
[16,18,25,26]. But in some of these studies this has been done either
just for a single molecule, e.g., phenosafranine (m=322.8 Da) [26], or
for several molecules but rather large ones (with the molecular mass
starting from several hundred, e.g. propidium iodide (m=668.4 Da)
[16,18], or trypan blue (m=891.8 Da) [16] to tens or hundreds of
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10–156 kDa [16,18,20], ﬂuoresceinated bovine serum albumin (m=
67 kDa, r=3.5 nm) [20].
Meanwhile, it is known that the threshold of electroporation is as-
sociated with the appearance of small pores [15,21,27,28], some-
times, just a few ones [15,27]. These pores are permeable to small
ions (Na+, K+, Rb+, Cl−) but are small enough to prevent slightly
larger molecules from entering the cell. For example, the exposure
of human erythrocytes to an exponential electric pulse with the am-
plitude of 3 kV/cm led to the poration of more than 80% of the cells,
but the pores permeable to sucrose appeared only in 5.5% of the
cells [29]. Electric ﬁeld pulses of nanosecond duration (60 ns,
12 kV/cm) created pores permeable to Cl− and alkali metal cations,
but not to propidium iodide [28].
In some studies, the sizes of the pores created by a series of pulses
(3–10 pulses) are estimated [16,20], which complicates the predic-
tion of a consequence of a single-pulse exposure. Meanwhile, the ma-
jority of theoretical modeling studies are run for a single-pulse
protocol [11,12,23]. So, there is a lack in the studies in which the
pore sizes would be estimated for different pulse durations, especially
for the amplitudes close to the threshold of electroporation.
Here, we compared the size of the pores created by square-wave
electric pulses with the duration of 100 μs and 2 ms. This was done
by determining the following: i) the fraction of electroporated cells
(the cells the membranes of which have become permeable to small
potassium ions (molecular mass m=39 Da, r≈0.16–0.22 nm [30]));
ii) the fraction of cells the membrane of which become permeable to
the molecules of mannitol (m=182.172 Da, r=0.36–0.42 nm
[21,31]), sucrose (m=342.3 Da, r=0.44–0.52 nm [21,31]), and
bleomycin (m≈1450 Da, r≈0.8 nm); iii) the fraction of the cells that
were killed by the electric treatment. In addition, the kinetics of the dis-
appearance of the pores permeable to the molecules of bleomycin was
compared for the cells electroporated by the pulses with different dura-
tions (100 μs and 2 ms).
This is the ﬁrst study in which the sizes of the pores corresponding
to the threshold of electroporation have been estimated for the pulses
with the durations within the range of hundreds of microseconds and
several milliseconds. Preliminary results were published elsewhere
[32].
2. Materials and methods
2.1. Electroporation, growth and other media
The culture medium was Dulbecco's modiﬁed Eagle's medium (cat.
no. D5546, Sigma-Aldrich Chemie, Steinheim, Germany) supplemented
with 10% fetal bovine serum (cat. no. F7524, Sigma-Aldrich Chemie), 1%
L-glutamine (cat. no. G7513, Sigma-Aldrich Chemie), 100 U/ml penicillin,
and 90 μg/ml streptomycin (cat. no. P0781, Sigma-Aldrich Chemie). Elec-
troporation was carried out on mouse hepatoma MH-22A and Chinese
hamster ovary cells suspended either in the culture medium (for the de-
termination of cell electroporation) or minimum essential medium Eagle
(Sigma-Aldrich Chemie). Bleomycin hydrochloride (Bleocin, Nippon
Kayaku, Tokyo, Japan)was obtained as a crystalline powder anddissolved
in sterile 0.9%NaCl solution (Balkanpharma-Troyan, Troyan, Bulgaria) at a
concentration of 1 mM. Further dilutions were also made in sterile 0.9%
NaCl solution.
As a medium for electroporation of human erythrocytes, a 9:1
mixture of 154 mM sodium chloride and isotonic (272 mM) sucrose
solution was used. For the determination of the fraction of erythro-
cytes with the pores permeable to mannitol and sucrose, the 9:1 mix-
tures of 154 mM sodium chloride and 285 mM mannitol or 272 mM
sucrose solutions were used [15].
Calibration solutions containing 100 nM–100 mM KCl were pre-
pared by diluting a stock solution of 100 mM KCl and adding
150 mM sodium chloride and 8 mM sodium benzoate [33,34]. TheNaCl is added to keep sodium ion concentration close to that in the
electroporation medium.2.2. Cells
Experiments were performed with mouse hepatoma cell line
MH-22A and Chinese hamster ovary (CHO), as well as human
erythrocytes.
Blood was collected on heparin and the erythrocytes were isolated
by centrifugation. The plasma and buffer coat comprising the white
blood cells and platelets was carefully removed by aspiration. The
cells were then washed three times with isotonic sodium chloride so-
lution (0.9% NaCl) and suspended in the electroporation medium at a
volume concentration of 1%. The erythrocytes were electroporated
within a day of preparation.
The MH-22A and CHO cells were grown in monolayer cultures in
25-cm2 (60–70 ml) or 75-cm2 (250 ml) ﬂasks (Greiner Bio-One,
Frickenhausen, Germany) at 37 °C in a humidiﬁed 5% CO2/95% O2 at-
mosphere in incubator IR AutoFlow NU-2500E (NuAire, Plymouth,
MN, USA). All manipulations that required sterile conditions were
done in a vertical laminar ﬂow cabinet Aura Vertical SD4 (BIOAIR In-
struments, Siziano, Italy).
When cells reached conﬂuence they were trypsinized for 2–10 min
with 2 ml of 0.25% trypsin–0.02% ethylenediaminetetraacetic acid
(EDTA) solution (cat. no. T4049, Sigma-Aldrich Chemie).When cells de-
tached from the ﬂask bottom, cell suspension was supplemented with
2 ml culture medium to protect cells from further action of trypsin.
After centrifugation of the suspension for 5 min at 1000 rpm at room
temperature, cells were resuspended in the culture medium at approx-
imately 2–5×107 cells/ml (for the determination of the fraction of elec-
troporated cells) or in a minimum essential medium Eagle at a
concentration of 0.8–1.2×106 cells/ml (for the determination of the
fraction of cells permeable to bleomycin and killed cells).
When the fraction of electroporated cells was determined, the
MH-22A or Chinese hamster ovary cells were kept for 60–70 min at
room temperature (20–21 °C) before electroporation. During this
time, the cells restore the normal level of the intracellular concentra-
tion of potassium ions [34]. Then the cells were electroporated within
15–20 min. When electropermeabilization to bleomycin was studied,
the cells were electroporated within 20–40 min.2.3. Electroporation
Single square-wave pulses with the durations of 100 μs and 2 ms
and the amplitudes ranging from 0.2 to 2.4 kV/cm were used. A
50-μl droplet of cell suspension was placed between a pair of ﬂat
stainless-steel electrodes and subjected to a single square-wave elec-
tric pulse. The amplitude of an electric pulse was monitored by an an-
alog storage oscilloscope S8-13 (Russia). The distance between the
electrodes was equal to 2 mm.
When determining the fraction of electroporated cells, after the
exposure to an electric pulse, the cell suspension was pipetted out
of the chamber, immediately transferred to a chilled Eppendorf
tube, kept on ice for 5–10 min, and then kept for 30–40 min at
10–11 °C to prevent pores from closing and to allow equilibration be-
tween intracellular and extracellular K+ concentrations. Then, the ex-
tracellular potassium concentration was measured by means of a
mini K+-selective electrode [33,34].
When determining the fraction of cells the membranes of which
have become permeable to bleomycin, 45 μl of the cell suspension
(prepared in a minimum essential medium Eagle) was mixed with
5 μl of 200 nM bleomycin solution, placed between two stainless-
steel electrodes 2 mm apart, and subjected to a square-wave electric
pulse [34].
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Mini K+-selective and reference electrodes manufactured by Dia-
mondMicro Sensors (AnnArbor, MI, USA)were utilized. Potentialmea-
surements were made with a pH-meter-millivoltmeter pH-150 M
(Gomel Factory of Measurement Instruments, Gomel, Byelorussia). All
measurements were made at a temperature of 10–11 °C [33,34].
The electrode exhibits almost perfect (correlation coefﬁcient r=
0.9996–0.9997) Nernstian response, with a slope of 53–56 mV per
concentration order within the concentration range 0.2–100 mM
[33]. The concentrations of the extracellular potassium in solutions
of intact and electroporated mouse hepatoma MH-22A and Chinese
hamster ovary cells fell within the linear range of the calibration
curve of a mini K+-selective electrode.
The calibration graph was obtained by measuring known amounts
of KCl added to a solution containing 150 mM sodium chloride and
8 mM sodium benzoate, and then plotting the obtained corresponding
potential readings against the concentrations. For the most precise re-
sults, samples were measured soon after calibration.
2.5. Determination of the fraction of electroporated cells
Because mouse hepatoma MH-A22 and Chinese hamster ovary cells
did not tolerate the potassium-free media, cells were electroporated in
the cell culture medium containing 4.8 mM potassium (see above).
Even in such a media, the leakage of cytosolic potassium from intact
cellswas observed [34]. To restore thenormal level of the intracellular po-
tassium ions prior to the exposure to electric pulses, after preparing the
cell suspension, cells were kept for 60–70 min at 20–21 °C. During this
time, the intracellular concentration of potassium ions is restored [34].
When the cell membrane becomes permeabilized, potassium ions
leak out of the cells down their concentration gradient and their ex-
tracellular concentration increases. To get a noticeable increase of
the concentration of potassium ions after electroporation above a
high background level (3–5 mM), a high-density cell suspension
(2–5×107 cells/ml) was used. The extracellular concentration in the
samples, corresponding to electroporation of 100% of cells, was in
the range of 8–11 mM, which was approximately two to three
times higher than in suspensions of intact cells (3–4 mM) (Fig. 1).
The fraction of electroporated cells was determined from
F ¼ K
þ 
X− K
þ 
0%
Kþ½ 100%− Kþ½ 0%
;Fig. 1. The concentration of extracellular potassium ions as a function of an electric
ﬁeld strength. The example of the dependence of the concentration of extracellular po-
tassium ions in the suspension of Chinese hamster ovary cells exposed to an electric
pulse on the pulse amplitude is shown. The oscilloscope image showing the shape of
a square-wave electric pulse with the duration of 2 ms, to which the cells were ex-
posed when obtaining the dependence presented in a graph, is shown in Fig. 3A.where [K+]X, [K+]0%, and [K+]100% are the extracellular concentra-
tions of potassium ions in the sample and solutions with intact and
100% electroporated cells, respectively. Electroporation of 100% of
cells was achieved by treating the cell suspension with three consec-
utive electric pulses having the amplitude slightly higher than the one
leading to electropermeabilization of 100% of cells to bleomycin, a
nonpermeant cytotoxic agent [34].
2.6. Determination of the fraction of cells electropermeabilized to
bleomycin
Bleomycin is a membrane-impermeable cytotoxic drug with a mo-
lecular mass of approximately 1450 Da [35] and the smallest radius of
approximately 0.8 nm. At the concentrations lower than 50 nM, it
does not inﬂuence the survival of intact mouse hepatoma MH-A22
and Chinese hamster ovary cells (data not shown). However, if it en-
ters the cell cytosol, it causes cell death [36]. So, the fraction of the
cells whose membrane has become permeable to bleomycin can be
estimated from the reduction of the cell viability [37].
Here 45 μl of the cell suspension (prepared in a minimum essen-
tial medium Eagle) was mixed with 5 μl of 200 nM bleomycin solu-
tion, placed between two stainless-steel electrodes 2 mm apart, and
subjected to a square-wave electric pulse. After the exposure to an
electric pulse, the cells were incubated for 20 min at room tempera-
ture. Then, 40 μl of cell suspension was mixed with 1.56 ml of a
warm (37 °C) minimum essential medium Eagle and the cells were
incubated at 37 °C to allow pores to reseal. After 10 min, cells were
diluted in the culture medium and seeded in triplicate (200–300
cells per 35-mm diameter Petri dish) for the subsequent determina-
tion of their viability.
2.7. Determination of the fraction of erythrocytes with pores permeable
to mannitol and sucrose
Human red blood cells suspended in an electroporation medium
at a volume concentration of 1% were exposed to an exponential elec-
tric pulse at room temperature. After the pulse, 0.2 ml of the cell sus-
pension was mixed with 5 ml of a 9:1 mixture of 154 mM sodium
chloride and 285 mM mannitol or 272 mM sucrose solutions at 4 °C
and incubated at the same temperature. After 20–24 h, the erythro-
cytes were spun down and the extent of hemolysis was determined
from the concentration of hemoglobin in the supernatant. The value
corresponding to 100% hemolysis was obtained by hypotonic lysis
in 0.1% NaCl solution. The concentration of hemoglobin was mea-
sured photometrically at λ=410 nm. The extent of hemolysis
shows the fraction of cells with pores permeable to the molecules of
mannitol (m=182,172 Da, r=0.36–0.42 nm [21,31]) or sucrose
(m=342,3 Da, r=0.44–0.52 nm [21,31]) [15].
2.8. Determination of the kinetics of the disappearance of pores permeable
to bleomycin
After the pulse, 45 μl of the cell suspension was incubated for var-
ious lengths of time at 24–26 °C temperature. At various time mo-
ments, 5 μl of 200 nM bleomycin solution was added and the
fraction of cells which, after the incubation at 24–26 °C temperature,
still had the pores permeable to the molecules of bleomycin was de-
termined (see above).
2.9. Determination of the fraction of viable cells
Cell viability was determined by means of a colony-forming assay
[38]. After incubation of cells seeded in Petri dishes at 37 °C and 5%
CO2 for 6–7 (CHO cells) or 9–10 (mouse hepatoma MH-22A cells) days,
the formed colonies were ﬁxed with 96% ethanol (Stumbras, Kaunas,
Lithuania), stained with Gram's crystal violet solution (cat. no. 94448,
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croscope (MBS-9, LOMO, St. Petersburg, Russia). The survival of the cells
treated with electric pulses was calculated as the percentage of the colo-
nies obtained from the untreated control cells.
2.10. Treatment of experimental data
By using SigmaPlot 11.0 (Systat Software, Point Richmond, CA,
USA), the dependences of the extracellular potassium concentration,
[K+]o, on the pulse amplitude, E0, were ﬁtted to a four-parameter sig-
moid curve [34],
Kþ
h i
o
¼ Kþ
h i
intact
þ K
þ 
100%− K
þ 
intact
1þ exp EC−E0ð Þ=b½ 
where [K+]intact and [K+]100% are the concentrations of potassium
ions in the suspension of intact cells and the samples in which 100%
of cells were electroporated, respectively, and EC and b are the two
parameters determining the shape of the sigmoid curve: EC is the am-
plitude of the electric pulse at which [K+]o=[K+]intact+([K+]100%−
[K+]intact)/2, and b controls how steeply the curve rises.
3. Results
First, the dependences of the fraction of electroporated and dead
cells as well as the cells permeable to bleomycin on the pulse intensi-
ty were obtained for the cells exposed to a single square-wave electric
pulse with the duration of 100 μs. An oscilloscope trace of the pulseFig. 2. Estimation of the size of the pores, created by pulses of microsecond duration. (A
electroporate mouse hepatoma MH-22A (B) and CHO (C) cells. (B) and (C) The dependen
cells on the amplitude of a square-wave electric pulse with the duration of 100 μs obtained
dences of the fraction of electroporated human erythrocytes and the ones with the pores thr
exponential electric pulse with the time constant τ=22 μs. (B) and (C) are adapted from Swith the duration of 100 μs, which was used to electroporate mouse
hepatoma MH-22A and CHO cells, is shown in Fig. 2A.
Electric pulses with similar durations are often used for electro-
chemotherapy [6,39], cell fusion [40], microorganism inactivation
[41] and other applications of cell electroporation. The fraction of
the cells whose membrane had become permeable to bleomycin
was estimated from the cell viability (see Section 2).
The results for mouse hepatoma MH-22A and Chinese hamster
ovary cells are shown in Fig. 2B and C. It can be seen that the pores
permeable to ions of potassium and bleomycin appeared at electric
ﬁeld intensities higher than 0.4–0.6 kV/cm, and that with increasing
the pulse intensity, the number of cells permeable to K+ increases
faster than the number of cells permeable to bleomycin. Similar re-
sults were obtained for human erythrocytes exposed to short
(22 μs) exponentially-decaying electric pulse (Fig. 2D).
Then, the same experiments were carried out for electric pulses
with the duration of 2 ms. An oscilloscope trace of the pulse with
the duration of 2 ms, which was used to electroporate the cells, is
shown in Fig. 3A. The obtained dependences for mouse hepatoma
MH-22A and Chinese hamster ovary cells as well as human erythro-
cytes are presented in Fig. 3B–D.
To ascertain whether it is possible to monitor pore resealing by
using molecules of bleomycin, the kinetics of the entrance of
bleomycin into the cell was assessed. This was done by determining
the dependence of killing efﬁciency of bleomycin on the duration of
incubation of cells in the presence of 10 or 20 nM of bleomycin.
Only those cells into which the appropriate number of bleomycin
molecules have entered die.) An oscilloscope trace of the pulse with the duration of 100 μs, which was used to
ces of electroporated (permeable to K+ ions), permeabilized to bleomycin, and dead
for mouse hepatoma MH-22A (B) and Chinese hamster ovary cells (C). (D) The depen-
ough which molecules of mannitol or sucrose can enter the cell on the amplitude of an
aulis and Saule [32] with permission from the publisher.
Fig. 3. Estimation of the size of the pores, created by pulses of millisecond duration. (A) An oscilloscope trace of the pulse with the duration of 2 ms, which was used to electroporate
the cells. (B) and (C) The dependences of electroporated, permeabilized to bleomycin, and dead cells on the amplitude of a square-wave electric pulse with the duration of 2 ms
obtained for mouse hepatoma MH-22A (B) and Chinese hamster ovary (C) cells. (D) The dependences of the fraction of electroporated human erythrocytes and the ones with the
pores through which molecules of mannitol or sucrose can enter the cell on the amplitude of a square-wave electric pulse with the duration of 2 ms. (A) and (B) are adapted from
Saulis and Saule [32] with permission from the publisher.
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square-wave electric pulsewith the duration of 100 μs and the amplitude
of 2 kV/cm or the duration of 2 ms and the amplitude of 0.8 kV/cmwere
obtained. The results presented in Fig. 4 show that it takes less than half aFig. 4. Kinetics of the entrance of bleomycin into the cells. The dependences of the frac-
tion of mouse hepatoma MH-22A cells, which were killed by bleomycin, on the dura-
tion of incubation with 10 or 20 nM of bleomycin. The cells suspended in the
medium with bleomycin were exposed by a square-wave electric pulse with the dura-
tion of 100 μs and the amplitude of 2 kV/cm or the duration of 2 ms and the amplitude
of 0.8 kV/cm and incubated for a particular time at room temperature. Then, cell sus-
pension was diluted substantially to reduce the concentration of bleomycin and the
cell viability was determined by using a colony-forming assay. Only those cells into
which the appropriate number of bleomycin molecules have entered die.minute for the appropriate amount of bleomycin to reach the cell cyto-
sol. This indicates that by using bleomycin it is possible to monitor the
disappearance of large pores occurring with the time constant in the
range of minutes.Fig. 5. Time-course of the restoration of mouse hepatoma MH-22A cell membrane bar-
rier function to the molecules of bleomycin after the exposure by a square-wave elec-
tric pulse. Experimental points show the dependences of the fraction of cells, in the
membrane of which there were still pores permeable to the molecules of bleomycin
(ordinate), on the time passed after the exposure by a single electric pulse (abscissa).
Square-wave pulses with the duration of 100 μs and the amplitude of 2 kV/cm
(lower curve) as well as the duration of 2 ms and the amplitude of 0.7 kV/cm (upper
curve) were used to electroporate the cells. The kinetics of pore resealing was mea-
sured at 24–26 °C.
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membrane barrier function to the molecules of bleomycin was mea-
sured after the exposure of cells by a square-wave electric pulse
with the duration of 100 μs and the amplitude of 2 kV/cm, and the
duration of 2 ms and the amplitude of 0.7 kV/cm. The kinetics of
pore resealing was measured at 24–26 °C.
4. Discussion
To date, there was a lack in the studies in which the pore sizes
would be estimated for different pulse durations, especially for the
amplitudes close to the threshold of electroporation. However, if the
electroporation threshold is not known, it is difﬁcult to decide for
what particular pulse amplitudes the effects of short vs long pulses
have to be compared. For example, there are no much arguments on
why for the comparison of the effects of short (microseconds) vs
long (milliseconds) pulses, the following particular amplitudes were
chosen: 0.25–0.75 kV/cm for pulses with the duration of 5–20 ms vs
3.0–5.0 kV/cm for pulses with the duration of 99 μs [42].
The aim of this study was to compare the size of the pores created
by square-wave electric pulses with the duration of 100 μs and 2 ms.
To compare the size of the pores created by the electric pulses of dif-
ferent durations, the point of reference has to be chosen. The most ap-
propriate way would be to compare the effects of the pulses, which
create similar effects, in our case, cell electroporation, despite they
differ in durations.
The fraction of electroporated cells can be estimated by determin-
ing the extent of the release of intracellular K+ ions from the cells ex-
posed to an electric pulse [34,43]. In this study, this approach was
used to obtain the dependences of the fraction of electroporated
cells on the pulse intensity.
However, the increased permeability of the cell plasma membrane
for potassium ions does not provide any information on the actual
size of the pores. This can be done, e.g., by measuring the membrane
permeability to the test molecule of a known size [18,21,22,37].
In our study, bleomycin was chosen as a probe molecule for sever-
al reasons. First, the method of the determination of the electro-
permeabilization of the cell plasma membrane by using bleomycin
is a rather sensitive one. It was shown that it is enough that less
than 1000 molecules of bleomycin would enter the cell cytosol to
kill the cell [25,44]. Meanwhile, a huge amount of ﬂuorescent
molecules—in the range of tens of millions must reach the cell cytosol
so their ﬂuorescence could be distinguished from the background
level [22,25]. Second, the pores permeable to bleomycin remain for
at least several minutes, which provides enough time for the diffusion
of bleomycin molecules into the cell cytosol [45]. This way, it is possi-
ble to detect the presence of the pores permeable to bleomycin in the
cell plasma membrane [37]. Third, the molecules of bleomycin are
rather large ones—their molecular mass is about 1450 Da [35] and
the smallest radius is about 0.8 nm. This allows discrimination be-
tween small and large pores created in the plasma membrane.
One of the important consequences of the exposure of the cell sus-
pension to pulsed electric ﬁelds (PEF) is cell death, which can be a de-
sirable result, e.g., in the case of microorganism inactivation, or
undesirable, e.g., in the case of cell electrotransfection. Because it is
considered that the pore size is one of the main factors determining
whether the pores created can cause the cell death, the dependences
of the fraction of the cells killed by an electric ﬁeld exposure on the
pulse intensity were also determined.
Cell electroporation is consistent with the formation of transient
aqueous pores, and membrane permeability is essentially a continu-
ous function through both the number and sizes of pores changing
[46]. Hence, the membrane can achieve a “threshold” permeability
level at various pore populations.
Results obtained here indicate that the pores, the presence of
which is sufﬁcient for a mouse hepatoma MH-22A (Fig. 2A) and/orCHO (Fig. 2B) cell to be regarded as porated, are small. It can be
seen that in the large portion of electroporated cells (permeable to
K+ ions) the pores created by an electric pulse with the duration of
100 μs are smaller than the molecule of bleomycin.
For example, exposure of CHO cells by the pulse with the ampli-
tude of 0.8 kV/cm leads to electroporation of 68% of cells. However,
the pores permeable to the molecules of bleomycin were created
only in 24% of cells. This corresponds to 35% of electroporated cells.
This means that the pores created in about 65% of electroporated
cells were large enough to allow potassium ions (radius of hydrated
ion is 0.16–0.22 nm [30]) to leave the cells but small enough to pre-
vent bleomycin (r≈0.8 nm) from reaching the cell cytosol.
Similar results were obtained for human erythrocytes exposed to
short (22 μs) exponentially-decaying electric pulse (Fig. 2C). The ex-
posure of the cells to a 3 kV/cm electric pulse lead to the poration
of more than 80% of the cells, but in only 30% of the cells the pores
through which mannitol could enter the cell were created. The
pores permeable to sucrose only appeared in 5.5% of the cells. Thus,
it can be concluded that the average radius of pores is in the range
of 0.2–0.5 nm for ﬁeld strengths between 2 and 6 kV/cm.
In the case of 2‐ms-duration pulse, the curves showing the depen-
dence of the fraction of the cells, which have become permeable to
bleomycin, are close to the ones showing the release of intracellular
potassium ions. This means that, irrespective of the amplitude of an
electric pulse, in the majority of the cells, which were electroporated,
there were the pores larger than the size of a bleomycin molecule.
In Fig. 6, the distributions of cells with the pores of different sizes
for the cases of electroporation with short (100 μs) and long (2 ms)
pulses are shown for mouse hepatoma MH-22A cells and human
erythrocytes. Data were extracted from the results presented in
Fig. 3. It can be seen that in the case of the pulses, the amplitudes of
which are close to the electroporation threshold, the pulse with the
duration of 2 ms created larger pores than a 100‐μs-duration pulse.
The results of this study might be helpful in choosing more appro-
priate parameters of the electric treatment. For example, it is quite
possible, that short pulses – with the durations within the range
from 0.5 to 10 μs – that are often used for microorganism inactivation
[47–49] might not be the most suitable for this purpose as they create
small pores. This, in part, can explain why often a huge number –
from tens [50] to hundreds [49] or sometimes even thousands
[47,48] – of short pulses are required to achieve appropriate level of
microorganism inactivation. Multiple pulses increase the number of
pores, and, as a consequence, the total area occupied by pores,
which may, in part, compensate small size of the pores created by a
single short pulse.
It should be mentioned that for killing the cells with pulses of
nanosecond-durations it might not be necessary to permeabilize the
cell plasma membrane for large molecules. For example, GH3 cells
(a murine pituitary cell line) exposed to a series (up to 200 pulses)
of pulses with the duration of 60 ns and the amplitude of 12 kV/cm
underwent severe and immediate necrotic transformation, but
remained impermeable to propidium iodide for at least 30–60 min
after the exposure [28]. This might be because nanosecond pulses
can affect not only the plasma membrane but the intracellular struc-
tures and processes as well.
For practical applications, it is important to know not only the size
and the number of pores appearing under the inﬂuence of electric
ﬁeld pulses but also how long they remain open. It can also be
expected that larger pores need more time to reseal.
From Fig. 5, it can be seen that after the exposure of mouse hepato-
maMH-22A cells by 100‐μs-duration pulse, the original impermeability
of the plasma membrane towards the molecules of bleomycin was re-
stored after about 6–7 min (Fig. 5). Meanwhile, in the case of
2 ms-duration pulse, resealing was slower and took 15–20 min. The
slower resealing of pores created by longer 2-ms pulse can be attributed
to their larger size (Fig. 4).
Fig. 6. Distribution of mouse hepatoma cells (A and B) and human erythrocytes (C and D), the largest pores in the plasma membrane of which are i) smaller than the ions of po-
tassium, that is, rb0.2 nm, ii) larger than K+ but smaller than the molecule of bleomycin, that is, 0.2 nmbrb0.8 nm, and iii) larger than the molecules of bleomycin, that is,
r>0.8 nm. MH-22A cells were exposed to a square-wave electric pulse with the duration of 100 μs and the amplitude of 1 kV/cm (A) and the duration of 2 ms and the amplitude
of 0.6 kV/cm (B). Human erythrocytes were exposed to an exponential electric pulse with the duration of 22 μs and the amplitude of 3 kV/cm (C) and a square-wave electric pulse
with the duration of 2 ms and the amplitude of 1.2 kV/cm (D).
3038 G. Saulis, R. Saulė / Biochimica et Biophysica Acta 1818 (2012) 3032–3039Therefore, it can be concluded that the size of the pores created by a
square-wave electric pulse depends on the pulse duration. Short
100 μs-duration pulse creates smaller pores than longer 2 ms-duration
pulse. This could be attributed to the time inadequacy for pores to grow
and expand during the pulse, in the case of short pulses.
Acknowledgments
The study was in part supported by grants MIP-131/2010 from the
Research Council of Lithuania and 31V-36 from the Lithuanian Agency
for Science, Innovation and Technology (MITA).References
[1] J. Gehl, Electroporation: theory and methods, perspectives for drug delivery, gene
therapy and research, Acta Physiol. Scand. 177 (2003) 437–447.
[2] A.G. Pakhomov, D. Miklavcic, M.S. Markov (Eds.), Advanced Electroporation
Techniques in Biology and Medicine, CRC Press, Boca Raton, 2010.
[3] L. Wang, Z. Wang, T.G. Frank, S.I. Brown, S.A. Chudek, A. Cuschieri, Rapid and ef-
ﬁcient cell labeling with a MRI contrast agent by electroporation in the presence
of protamine sulfate, Nanomedicine 4 (2009) 305–315.
[4] P.E. Boukany, A. Morss, W.c. Liao, B. Henslee, H. Jung, X. Zhang, B. Yu, X. Wang, Y.
Wu, L. Li, K. Gao, X. Hu, X. Zhao, O. Hemminger, W. Lu, G.P. Lafyatis, L.J. Lee,
Nanochannel electroporation delivers precise amounts of biomolecules into liv-
ing cells, Nat. Nanotechnol. 6 (2011) 747–754.
[5] S.Wang, X. Zhang, B. Yu, R.J. Lee, L.J. Lee, Targeted nanoparticles enhanced ﬂow elec-
troporation of antisense oligonucleotides in leukemia cells, Biosens. Bioelectron. 26
(2010) 778–783.
[6] A. Gothelf, L.M. Mir, J. Gehl, Electrochemotherapy: results of cancer treatment using
enhanced delivery of bleomycin by electroporation, Cancer Treat. Rev. 29 (2003)
371–387.[7] F. Andre, L.M. Mir, DNA electrotransfer: its principles and an updated review of its
therapeutic applications, Gene Ther. 11 (2004) S33–S42.
[8] J. Lin, R. Chen, S. Feng, Y. Li, Z. Huang, S. Xie, Y. Yu, M. Cheng, H. Zeng, Rapid delivery
of silver nanoparticles into living cells by electroporation for surface-enhanced
Raman spectroscopy, Biosens. Bioelectron. 25 (2009) 388–394.
[9] M.P. Coogan, J.B. Court, V.L. Gray, A.J. Hayes, S.H. Lloyd, C.O. Millet, S.J. Pope, D.
Lloyd, Probing intracellular oxygen by quenched phosphorescence lifetimes of
nanoparticles containing polyacrylamide-embedded [Ru(dpp(SO(3)Na)(2))(3)]
Cl(2), Photochem. Photobiol. Sci. 9 (2010) 103–109.
[10] P. Walczak, J. Ruiz-Cabello, D.A. Kedziorek, A.A. Gilad, S. Lin, B. Barnett, L.
Qin, H. Levitsky, J.W.M. Bulte, Magnetoelectroporation: improved labeling
of neural stem cells and leukocytes for cellular magnetic resonance imaging
using a single FDA-approved agent, Nanomed. Nanotechnol. 2 (2006)
89–94.
[11] T.R. Gowrishankar, A.T. Esser, Z. Vasilkoski, K.C. Smith, J.C. Weaver, Micro-
dosimetry for conventional and supra-electroporation in cells with organelles,
Biochem. Biophys. Res. Commun. 341 (2006) 1266–1276.
[12] W. Krassowska, P.D. Filev, Modeling electroporation in a single cell, Biophys. J. 92
(2007) 404–417.
[13] K.C. Smith, J.C. Neu, W. Krassowska, Model of creation and evolution of stable
electropores for DNA delivery, Biophys. J. 86 (2004) 2813–2826.
[14] J.C. Neu, K.C. Smith, W. Krassowska, Electrical energy required to form large con-
ducting pores, Bioelectrochemistry 60 (2003) 107–114.
[15] G. Saulis, Cell electroporation: estimation of the number of pores and their sizes,
Biomed. Sci. Instrum. 35 (1999) 291–296.
[16] M.P. Rols, J. Teissie, Electropermeabilization of mammalian cells to macromole-
cules: control by pulse duration, Biophys. J. 75 (1998) 1415–1423.
[17] M.P. Rols, J. Teissie, Electropermeabilization of mammalian cells. Quantitative
analysis of the phenomenon, Biophys. J. 58 (1990) 1089–1098.
[18] H. He, D.C. Chang, Y.-K. Lee, Using a micro electroporation chip to determine the
optimal physical parameters in the uptake of biomolecules in HeLa cells, Bio-
electrochemistry 70 (2007) 363–368.
[19] R. Shirakashi, C.M. Kostner, K.J. Muller, M. Kurschner, U. Zimmermann, V.L.
Sukhorukov, Intracellular delivery of trehalose into mammalian cells by electro-
permeabilization, J. Membr. Biol. 189 (2002) 45–54.
[20] A.E. Sowers, M.R. Lieber, Electropore diameters, lifetimes, numbers, and locations
in individual erythrocyte ghosts, FEBS Lett. 205 (1986) 179–184.
3039G. Saulis, R. Saulė / Biochimica et Biophysica Acta 1818 (2012) 3032–3039[21] K. Kinosita, T.Y. Tsong, Formation and resealing of pores of controlled sizes in
human erythrocyte membrane, Nature 268 (1977) 438–441.
[22] S.M. Kennedy, Z. Ji, J.C. Hedstrom, J.H. Booske, S.C. Hagness, Quantiﬁcation of elec-
troporative uptake kinetics and electric ﬁeld heterogeneity effects in cells,
Biophys. J. 94 (2008) 5018–5027.
[23] Wanda Krassowska Neu, John C. Neu, Mechanism of Irreversible Electroporation
in Cells: Insight from the Models (Boris Rubinsky), 2010, pp. 85–122, Berlin
Heidelberg.
[24] E. Neumann, K. Toensing, S. Kakorin, P. Budde, J. Frey, Mechanism of elec-
troporative dye uptake by mouse B cells, Biophys. J. 74 (1998) 98–108.
[25] M. Puc, T. Kotnik, L.M. Mir, D. Miklavcic, Quantitative model of small molecules
uptake after in vitro cell electropermeabilization, Bioelectrochemistry 60 (2003)
1–10.
[26] M. Joersbo, J. Brunstedt, F. Floto, Quantitative relationship between parameters of
electroporation, J. Plant Physiol. 137 (1990) 169–174.
[27] K. Schwister, B. Deuticke, Formation and properties of aqueous leaks induced in
human erythrocytes by electrical breakdown, Biochim. Biophys. Acta 816
(1985) 332–348.
[28] A.G. Pakhomov, R. Shevin, J.A. White, J.F. Kolb, O.N. Pakhomova, R.P. Joshi, K.H.
Schoenbach, Membrane permeabilization and cell damage by ultrashort electric
ﬁeld shocks, Arch. Biochem. Biophys. 465 (2007) 109–118.
[29] G. Saulis, The loading of human erythrocytes with small molecules by electropo-
ration, Cell. Mol. Biol. Lett. 10 (2005) 23–35.
[30] B. Hille, Ionic selectivity of Na and K channels of nerve membranes, in: G.
Eisenman (Ed.), Membranes: A Series of Advances, Marcel Dekker, Inc., New
York, 1975, pp. 255–323.
[31] E.M. Renkin, Filtration, diffusion, and molecular sieving through porous cellulose
membranes, J. Gen. Physiol. 38 (1954) 225–243.
[32] G. Saulis, R. Saule, Size of the pores created by an electric pulse: Microsecond vs
Millisecond Pulses, in: N.a.T.I.C.M. NSTI (Ed.), Nanotech 2010: Technical Proceed-
ings of the 2010 NSTI Nanotechnology Conference and Expo, Vol. 3, Bio Sensors,
Instruments, Medical, Environment and Energy, CRC Press, Boca Raton, 2010,
pp. 226–229.
[33] G. Saulis, R. Praneviciute, Determination of cell electroporation in small volume
samples by using a mini potassium-selective electrode, Anal. Biochem. 345
(2005) 340–342.
[34] G. Saulis, S. Satkauskas, R. Praneviciute, Determination of cell electroporation from
the release of intracellular potassium ions, Anal. Biochem. 360 (2007) 273–281.
[35] Nippon Kayaku Co., Ltd., Antitumor Antibiotic Bleomycin. Bleomycin Hydrochlo-
ride and Bleomycin Sulfate for Injection, Nippon Kayaku Co., Ltd, Nippon Kayaku
Co., Ltd., Tokyo, 2006.[36] O. Tounekti, G. Pron, J. Belehradek Jr., L.M. Mir, Bleomycin, an apoptosis-mimetic
drug that induces two types of cell death depending on the number of molecules
internalized, Cancer Res. 53 (1993) 5462–5469.
[37] T. Kotnik, L. Macek, D. Miklavcic, L.M. Mir, Evaluation of cell membrane electro-
permeabilization by means of a nonpermeant cytotoxic agent, Biotechniques 28
(2000) 921–926.
[38] I.R. Freshney, Culture of Animal Cells: A Manual of Basic Techniques, JohnWiley &
Sons, Inc., New York, 2000.
[39] G. Sersa, M. Cemazar, D. Miklavcic, Tumor blood ﬂowmodifying effects of electro-
chemotherapy: a potential vascular targeted mechanism, Radiol. Oncol. 37
(2003) 43–48.
[40] J.A. Reynaud, H. Labbe, K. Lequoc, D. Lequoc, C. Nicolau, Electric ﬁeld-induced fu-
sion of mitochondria, FEBS Lett. 247 (1989) 106–112.
[41] C. Gusbeth, W. Frey, H. Volkmann, T. Schwartz, H. Bluhm, Pulsed electric ﬁeld
treatment for bacteria reduction and its impact on hospital wastewater, Chemo-
sphere 75 (2009) 228–233.
[42] D.A. Zaharoff, J.W. Henshaw, B. Mossop, F. Yuan, Mechanistic analysis of
electroporation-induced cellular uptake of macromolecules, Exp. Biol. Med.
(Maywood) 233 (2008) 94–105.
[43] K. Kinosita, T.Y. Tsong, Voltage-induced pore formation and hemolysis of human
erythrocytes, Biochim. Biophys. Acta 471 (1977) 227–242.
[44] B. Poddevin, S. Orlowski, J. Belehradek Jr., L.M. Mir, Very high cytotoxicity of
bleomycin introduced into the cytosol of cells in culture, Biochem. Pharmacol.
42 (1991) S67–S75 (Suppl.).
[45] M. Kanduser, M. Sentjurc, D. Miklavcic, Cell membrane ﬂuidity related to electro-
poration and resealing, Eur. Biophys. J. 35 (2006) 196–204.
[46] A. Barnett, J.C. Weaver, A uniﬁed, quantitative theory of reversible electrical
breakdown and rupture, Bioelectrochem. Bioenerg. 25 (1991) 163–182.
[47] N.J. Rowan, S.J. MacGregor, J.G. Anderson, D. Cameron, O. Farish, Inactivation of
Mycobacterium paratuberculosis by pulsed electric ﬁelds, Appl. Environ. Microbiol.
67 (2001) 2833–2836.
[48] H. El Zakhem, J.L. Lanoiselle, N.I. Lebovka, M. Nonus, E. Vorobiev, The early stages
of Saccharomyces cerevisiae yeast suspensions damage in moderate pulsed elec-
tric ﬁelds, Colloids Surf. B 47 (2006) 189–197.
[49] P. Cortese, G. Dellacasa, R. Gemme, S. Bonetta, S. Bonetta, E. Carraro, F. Motta, M.
Paganoni, M. Pizzichemi, A pulsed electric ﬁeld (PEF) bench static system to study
bacteria inactivation, Nucl. Phys. B-Proc. Suppl. 215 (2011) 162–164.
[50] I.E. Pol, W.G.C. van Arendonk, H.C. Mastwijk, J. Krommer, E.J. Smid, R. Moezelaar,
Sensitivities of germinating spores and carvacrol-adapted vegetative cells and
spores of Bacillus cereus to nisin and pulsed-electric-ﬁeld treatment, Appl.
Environ. Microbiol. 67 (2001) 1693–1699.
